Abstract Thermally induced two-phase oscillation in a capillary tube is known to effectively transport large amount of heat. However, the oscillating flow is very complicated, because acceleration, deceleration, evaporation and condensation take place simultaneously. In this study, heat transfer and flow characteristics of the thermally induced oscillating flow in a straight micro tube were experimentally investigated. The experimental setup was composed of heating, cooling, and moving sections. Circular and square tubes were compared to investigate the effects of the channel geometry. In addition, the circular tubes with roughed inner surfaces were tested to investigate the effect of roughness. Furthermore, different types of the moving section were compared. PF-5060 (C 6 F 14 ) was used for a working fluid. The oscillating motion was detected by the pressure change in the test section and the displacement of the moving section. Effective thermal conductivities representing thermal performance were compared against the heat flux defined by the channel cross-sectional areas. The circular tube showed better performance than the square tube. The circular tubes with roughed inner surface showed better performance than the circular tube with no surface treatment. From the visualization, it is considered that the amount of wetted area affects the thermal performance. Ishida, Youn, Muramatsu, Kohara, Han and Shikazono, Journal of Thermal Science and Technology, Vol.11, No.3 (2016) 
Introduction
Electrification of power systems in the transportation sector such as railways and automobiles is a global trend to reduce energy consumptions. However, heat dissipation from the electronic devices has become one of the issues because of the rapid increase in operation speed and the reduction of system size. High temperature in the electric devices is a problem for durability and reliability. To overcome this issue, an efficient cooling system which can transport large amount of heat from a confined space to the ambient is required.
Thermally induced two-phase oscillation in a capillary tube is known to show effective heat transport. Therefore, it is applied for thermal devices such as oscillating steam engines (Kanno et al., 2011 , Yatsuzala et al., 2015 and oscillating heat pipes (OHPs) (Khandekar, 2002) . The oscillating flow transfers latent and sensible heats of the working fluid (Reay et al., 2013 , Faghri, 2014 . A typical oscillating heat pipe has a seamless and meandering capillary tube (Reay et al., 2013 , Faghri, 2014 . Unlike wicked heat pipes or thermosiphons, the container doesn't have wicked structures to facilitate evaporation and working fluid circulation. In micro tubes, vapor plugs and liquid slugs alternatively flow inside the tube. In the heating section, the working fluid evaporates or boils to push the series of vapor plugs and liquid slugs. In the cooling section, vapor is condensed on the liquid film, and shrinking bubbles pull the working fluid into the cooling section. Continuous pressure variation maintains the oscillating motion for a long time.
In micro scale, surface tension plays an important role to maintain the liquid-vapor interface and form thin liquid film on the inner surface where phase change and heat transfer are enhanced. Youn et al. (2015) conducted experiments to investigate the effect of acceleration on liquid film thickness in circular tubes. Han et al. (2015) measured liquid film thickness in annular flows in micro tubes. They reported that liquid film thickness is thin when the bubble velocity is small, and strong dependence on Capillary, Reynolds and Weber numbers.
For heat pipes, many researches were carried out to investigate the effects of inner diameter, number of turns, channel shape, inclination angle, filling ratio, etc. For example, Khandekar et al. (2002) carried out experiments of closed oscillating heat pipes with circular and rectangular channels. They reported that the oscillating heat pipe with rectangular channels achieved better thermal performance than that with circular channels. Lee et al. (2015) reported that edges of square channels supplies liquid into the evaporator and enhances heat transfer performance. To simplify the phenomenon, oscillating heat pipes without turns have been recently investigated. For example, Kato et al. (2013) carried out experiments of oscillating heat pipe composed of a horizontally located straight capillary tube with dual diameters. They obtained stable oscillating motion for a long time with a wicked evaporator. Rao et al. (2015) conducted experiments of thermally induced oscillation in a vertically located straight capillary tube. They found from the visualization that evaporation and condensation simultaneously occur inside the tube. In addition, absolute temperature and temperature gradient between the evaporator and the condenser affect pressure amplitude of the oscillation. Iwaya et al. (2015) conducted experiments of an oscillating heat pipe with external moving section. It is reported that oscillating amplitude and frequencies changed against heat flux. Nagasaki et al. (2008) investigated an oscillating heat pipe with a straight rectangular channel containing a single liquid slug. They also found that oscillating amplitude and frequencies changed against heat transport rate. In addition, they reported that both sensible and latent heat transfers are important. Miura et al. (2015) reported that rate of sensible and latent heat transfer is dependent on frequency.
Several experiments were conducted to visualize test sections to clarify the two phase oscillation phenomena. However, the detail mechanism of two phase oscillation is still not clear. It is necessary to clarify the mechanism of thermally induced oscillating flow in micro channels to design practical and reliable heat devices. The objective of present study is to investigate heat transfer and flow characteristics of thermally induced oscillating flow in a capillary tube. One of the general concerns is that the oscillation doesn't start if the liquid and vapor is completely divided and balanced in the closed system. Secondly, many turns make it complex to investigate the effects of design parameters. To overcome these issues, a straight capillary tube and external moving sections were introduced in this work. Using a single straight Figure 1 shows the schematic of the experimental setup. The experimental setup was composed of heating, cooling, and moving sections. The straight test tubes with outer diameter of 2 mm and total length of approximately 465 mm were horizontally located. Tested tubes (Conic Techno Co., Ltd.) were made of transparent quartz so that inside of the tubes can be visualized. The inner diameter was determined by the capillary limitation. The critical diameter c d is defined as follows (Charoensawan et al., 2003) :
From the properties of PF-5060 at 25 C shown in Table 1 , the critical inner diameter of PF-5060 is obtained as follows:
Therefore, inner diameters below 1.6 mm were selected. Table 2 shows dimensions of the experimental components. The circular tubes with inner diameters of 1.0 mm and 1.5 mm and square channel of 1.0 1.0 mm were chosen as test tubes. For the 1.0 mm circular tube, two inner surface roughnesses were prepared in addition to the plane surface tube. Inner surfaces of the tubes were roughened by cerium oxide particles (GC 150 or GC 600, SHOROX®) and flashed by hydrofluoric acid. These treatments are named as Treatments A and B, respectively. ) is used as a working fluid because of its chemical stability and low toxicity. The fluid is compatible with most metals, plastics and elastomers. Its chemical formula is C 6 F 14 (Lee et al., 2001) , and this fluid has zero ozone depletion potential. The boiling point at atmospheric pressure is 56 C. Table 1 shows the properties of PF-5060 at 25 C. Properties of water are also shown for comparison.
The cylindrical copper block was used for the heating section. Its length is 80 mm. The flexible heater (M1-1-150, SAKAGUCHI E. H VOC CORP.) was coiled around the side of the copper block. The thermally conductive cement was soaked over the heater. A hole of 2.2 mm was made at the center of the block on the axial direction to insert the test tube. Seven small holes of 0.7 mm for K-type thermocouples (1HKN033, CHINO) were made on the side of the block at the same intervals. The heating section was wrapped by fiberglass insulation in order to reduce the heat loss to the surroundings. In the cooling section, the water path was made by acrylic pipe with inner diameter of 4 mm. The length is 214 mm. Water was used to cool the tested tubes. The cooling water was flowed by the micro pump (VC106, CHUORIKA) from the thermostat (LTB-125, AS ONE). The flow rate was calibrated by using the electronic balance (UX4200X, SHIMAZU). Five measurement sets were carried out for each experimental condition, and the average value was used to evaluate the results. Two K-type thermocouples (KT0XB, CHINO) were located on the inlet and outlet of the cooling section to measure the heat transport rate.
Three types of moving sections with different bellows were used. Moving section A was composed of bellows A (IRIE KOKEN) with effective diameter of 13 mm and spring rate of 840 N/m. Moving section B was composed of bellows B (FC-1, SERVOMETER) with effective diameter of 5.08 mm and spring rate of 1030 N/m. Moving section C was composed of bellows C (FC-5, SERVOMETER) with effective diameter of 7.94 mm and spring rate of 1430 N/m.
The laser displacement sensor (LC-2400, KEYENCE) was placed above the moving section. The top plate on the bellows reflects the laser from the displacement sensor. The connecting block (WAKI FACTORY Inc.) leads working fluid from the supply tank to the test section. The pressure sensor (VPRT-2MP, VALCOM) detects pressure change in the liquid through the connecting section. The pressure and displacement data were used to draw pressure-displacement (P-
Data acquisition system (NR-600, KEYENCE) was used to collect analog data. Seven thermocouples in the heating section, two thermocouples in the cooling section, the pressure transducer at the connecting block, and the displacement sensor were connected to the data logger system. Sampling frequencies of the thermocouples and those of the others were 10 Hz and 500 Hz, respectively. Table 3 shows the experimental condition. Pressure in the test section, displacement of the moving section, and temperatures of the heating and cooling sections were recorded simultaneously. After the test section is filled with the working fluid, heating is started. When the oscillating flow starts, the temperature in the heating section becomes nearly stable, and the temperature in the cooling section increases. This means that heat is transported from the heating section to the cooling section.
Visualization
Visualization tests were conducted to clarify the phenomena in the heating section. Figure 4 shows the schematic of the visualization system. The high speed micro scope (VW-9000, KEYNCE) and the magnifying lens (VW-Z004, KEYENCE) were used to record the phenomena in the heating section. Table 4 shows the recording conditions of the high speed micro scope. The data acquisition system (NR-600) and high speed micro scope were synchronized by using external trigger system. During the visualizations, recorded images, temperatures, pressures and displacements were synchronized.
In this study, the heating sections for three types of tubes: Tube #1 (Smooth circular tube), Tube #3 (Square tube) and Tube #4 (Roughed circular tube) were visualized. Difference in channel geometry and surface conditions are compared. Fig. 4 Schematic of the visualization system. 
Data reduction
The experimental setup was designed not only for performance tests but also for visualization. Fiber glass insulation is removed during the visualization experiment, so the heat loss was considered to be large. Therefore, heat transport rate from the heating section to the cooling section was evaluated by the heat which is finally transferred to the cooling water.
The heat transport rate Q is defined as follows: T , and 9 T are mass flow rate, specific heat, inlet and outlet temperatures of the cooling water, respectively. The mass flow rate m  was obtained from the calibration measurement before each experimental run. To consider the thermal performance, the average temperature of the cooling water is defined as follows:
The test tube surface temperature in the heating section is obtained from Eqs. (3) and (4) 
T T T T T T T T + + + + + + =
.
(6)
The effective thermal conductivity is defined as:
where A is the cross section area of the flow passage of the test tube (= πd in 2 /4). Temperature difference between the heating and the cooling sections T Δ is defined as follows:
Effective length between the heating and the cooling sections eff L is defined as follows:
where a L , h L , and c L are the lengths of the adiabatic, heating and cooling sections, respectively.
Heat flux in axial direction q is defined as follows:
(10) Figure 5 shows pressure variation against meniscus position (P-X diagram) for the circular tube with inner diameter of 1 mm. The pressures and displacements of the meniscus in the P-X diagrams are measured for 5 seconds. The meniscus is the liquid-vapor interface in the flow passage. The displacement of the meniscus was estimated by the displacement of the moving section. The origin of X is the closed edge of the test tube. The direction of rotation is clockwise. As shown in Fig. 5 , the behavior of the pressure increase near the top dead center significantly changes with the input power. For instance, the pressure gradually increases at 9.02 W. However, the pressure rapidly increases at 10.00 W. Figure 6 shows the oscillating frequencies against heat transport rate. In Tubes #1, #3, #4, #5 and #7, frequencies show transitions at heat transport rate of approximately 5 or 6 W. In particular, the frequency of Tube #4 increased by approximately 1.5 times from 3.8 Hz to 5.8 Hz. This transition corresponds to the pressure increase shown in Fig. 5 . A relationship seems to exist between pressure increase and heat transport transition.
Results and discussions

Oscillating characteristics
Comparing different types of the moving section, operating frequencies depend on spring rate and cross-section diameter. The average frequencies of Tubes #1, Tube #6 and Tube #7 are 4.9 Hz, 7.6 Hz and 5.9 Hz, respectively. It is considered that oscillating frequency can be adjusted by changing the properties of the moving section, such as spring rate and cross-section diameter. Pressure variation against meniscus position (P-X diagram) for the circular tube with inner diameter of 1 mm.
Fig. 6
Oscillation frequencies against heat transport rate. Figure 7 shows effective thermal conductivities of Tubes #1 (Smooth circular tube, ID = 1.0 mm), #2 (Smooth circular tube, ID = 1.5 mm) and #3 (Square tube). As can be seen in Fig. 7 , the effective thermal conductivity of Tube #1 reaches larger values than that of Tube #3. It means that circular tube has better thermal performance at larger heat flux than the square tube. This trend is opposite to that reported in Lee et al., 2015. It is reported that the closed loop oscillating heat pipe with square channel has lower thermal resistance than that in the square channel. This is because corners of the square channel pulls the liquid from the cold to hot area and enlarges the wetted area. In the present study, as will be discussed later (Fig. 10) , the flat area in the square tube is dried because the liquid moves toward the corners and forms droplets. As a result, temperatures in the heating section become high due to the reduction of the wetted area.
Thermal characteristics
Comparing Tubes #1 and 2, the effect of inner diameter can be investigated. As is seen in Fig.7 , the effective thermal conductivity of Tube #2 is smaller than that of Tube #1. It is considered that liquid-vapor interface cannot be stably maintained, since the inner diameter of Tube #2 is 1.5 mm, which is close to 1.6 mm of critical value of capillary limitation calculated by Eq. (1). . It is considered that roughness contributes to enhance heat transport ability. From the visualization of smooth Tube #1, liquid disappears and becomes dry. On the other hand, from the visualization of Tube #4, it was seen that liquid widely spreads on the rough surface. It is considered that roughness enhances wettability and expands liquid film widely on the inner surface. As a result, thermal performance was enhanced. However, the heat transport ability of Tube #5 is degraded compared to that of Tube #4, even though the roughness of Tube #5 is larger than that of Tube #4. It is considered that optimal roughness value exists to enhance the thermal performance (Hao et al., 2014) . It is considered that an optimal frequency exists to enhance thermal performance depending on the amount of heat flux. As can be seen in Fig. 6 , frequency of Tube #6 is over 7 Hz. Therefore, at lower heat flux less than approximately 8 W/mm 2 , frequencies should be less than 7 Hz, judging from Figs. 6 and 9. On the other hand, as can be seen in Fig. 6 , frequencies of Tube #1 and #7 are larger than around 4.5 Hz at heat flux above approximately 7 ~ 8 W/mm 2 . Therefore, it is estimated that frequencies should be larger than around 4.5 Hz at higher heat flux. 
Relationship between pressure increase, frequency and effective thermal conductivity
Pressure significantly increased near the top dead center at higher input power as shown in Fig. 5 . Corresponding to this transition, both frequency and effective thermal conductivity significantly change at a certain heat flux value. Frequencies of Tubes #1, #3, #4, #5 and #7 become large at approximately 5 or 6 W. On the other hand, effective thermal conductivities of Tubes #1, #3, #4, #5, and #7 slightly decrease at this heat flux. Figure 11 shows distribution of the working fluid in the heating section. The evaporation of the liquid in the heating section was facilitated when the heating power is large. The velocity of the liquid slug increased with the pressure increase due to strong evaporation. As a result, frequencies increase at a certain heat transport rate. In this condition, liquid is not supplied deeply into the heating section. This is because the confined space in the heating section restricts the working fluid to enter deeply into the heating section. Here, it is considered that the frequencies significantly increase in order to compensate for the decrease of heat transfer area. Nevertheless, effective thermal conductivity shows decline of heat transport ability. wetted area may be larger than increase of the oscillating frequency. As a result, effective thermal conductivity deteriorated at higher heat flux. Fig. 11 Schematic of the working fluid motion in the heating section.
Conclusions
In this work, experiments of the thermally induced two-phase oscillating flow in micro tubes were carried out. Effects of cross-section geometry, surface treatment and moving section were investigated. The performance and visualization tests were conducted to investigate the characteristics of the thermally induced oscillation. The main conclusions are as follows:
1. The oscillating modes in some of the tubes showed transitions at heat transport rates of approximately 5 or 6 W.
Pressure rapidly increased at large input power. Frequency and effective thermal conductivity also show transition corresponding to this change. 2. The effective thermal conductivity of the circular tubes with surface treatment was higher than that of the smooth circular tube. From the visualization, liquid film widely spread in the heating section in a treated tube. However, the effective thermal conductivities were nearly the same for different inner surface roughnesses. 3. Thermal performance of the square channel was worse than that of the circular channel. From the visualization, it is considered that the dry areas on the flat surface in the square channel are the cause of the deterioration of heat transfer. 4. Oscillating frequencies depend on the moving section. In addition, optimal frequency exists for maximizing effective thermal conductivity.
